Abstract. The structural system in Gothic architecture of Central Europe is characterized by the vaults supported on pillars and the dematerialization of walls to introduce into the Temple the maximum light possible. However the "Mediterranean Gothic" structure of the churches is formed by two sets of diaphragm walls breaking with the traditional gothic canons. The study carried out explains the reasons for these differences from an exhaustive structural analysis of Santa Catalina's church of Valencia under seismic effects. Two methods for analyzing have been used for simulating the seismic effects: the pushover analysis and the nonlinear dynamic analysis in time-history. The non-linear damage model method with its evolution under static and dynamic loads was applied in both cases. The study has been extended up to five different simulations of the same Finite Element model, depending on the constructive elements that made up the wall structural system and two return periods of 475 and 950 years. The methods used gave a good correspondence in their results which make them two complementary methods according to the proposed objectives. The results show that the Santa Catalina's church offers an optimal seismic response as a consequence of its structural system stiffness.
Introduction
There is a great difference between the constructive system of Central European Gothic and the Mediterranean Gothic. While in the first the ribbed vaults are supported on columns, the wall loses its supporting function, thus allowing great holes of entrance of light by the facade; in the second one, the buildings have a smaller slenderness and reduces the entrance of light to the central nave due to the little difference in height between the central nave and the lateral ones. That is, the Mediterranean Gothic has a structural structure mainly of walls, unlike the Gothic Central European.
Current researches of Professor Cassinello justify this difference in structural behavior with the local geography of the place in which they are located. Superposing a map with the buildings constructed according to the different structural systems with the seismic map of Europe it is observed how the Mediterranean Gothic coincides with the zones of major seismic risk.
An example of this type of construction is the Church of Santa Catalina in Valencia. This study provides an exhaustive structural analysis, which results explain its behavior in the different construction stages and the current state response facing horizontal seismic forces. For this purpose, a structural model has been developed. This model reproduces accurately the current shape of the temple by using the 3D laser scanner. For the structural analysis of the ensemble formed by the church and its belfry, the most advanced calculation methods available to date are used. By means of the developed finite element numerical model, several analytical methods have been carried out, such as a linear static analysis for gravitational loads, a modal analysis and a nonlinear static procedure (pushover). The results obtained in these analyses provide accurate enough information about its structural behavior.
Description
Santa Catalina's Church construction began after the Conquest on an ancient mosque. Towards the year 1300, the Tapineros Guild decided to extend it due to its limited capacity [1] . It is believed that originally the temple was conceived of a single nave, with a polygonal head and a square section bell tower at its feet. Nowadays, it is a church of three naves with side chapels between the buttresses (Fig.1) . The main nave is 28.56 meters long by almost 13 meters wide, with a height up to the cornice of 11 meters. It has a head in Gothic style with a particular ambulatory with an even number of radial chapels. It combines buttresses in the naves and flying buttresses at its head. There is a new belfry in the South side of its head, which is considered to be a key example of the Valencian Baroque [2] . The church is located between houses attached to it, this reality justifies not only its unusual plan layout with the asymmetry of its side chapels, but also the fact that only its main façade can be seen from the street, facing Lope de Vega square, where the main entrance to the temple is placed. Another gate of Gothic style overlooks the square of Santa Catalina, found between the current bell tower and another house. In 1688 the new bell tower began to be built up from the hand of Juan Bautista Vinyes and was finished in 1705. The documentary sources do not clarify, neither if both belfries once coexisted nor who was the author of the trace. However, based on compositional similarities with other churches nearby, everything seems to point to Juan Perez Castiel.
The bell tower is a hexagonal plant, completely built of masonry and has a significant baroque decoration of the last quarter of the seventeenth century, transferred effectively to the stonework (Fig. 2 ). This architectural jewel was able to prevent an urban plan of the early 20th century. This plan aimed to demolish both tower and church in order to prolong the current St. Paz. Nowadays the bell tower presents its role as a landmark and a focal point of this emblematic road. The bell tower has three main bodies: base, bell room and coronation. The base is 29.80m high with 1.57m wall thickness; in one of its sides there is a stairway that gives access to the bell room. The bell room reaches the height of 38m. The total height (coronation included) is 50m. The perimeter in its base is 21.60m. Its high slenderness gives us a strong reason for considering it a unique example of constructive and structural analysis [3] .
Constructive system
To analyze the structural system of the Santa Catalina's church it is necessary to refer to the constructive system of the churches of the Reconquest. It consists of a system formed by diaphragm arches transversely to the nave that supports the gable deck, usually made of wood and seen from the interior (Fig. 3 ). Initially this system was used in the Cistercian abbeys of the Mediterranean countries and later it was extended to the construction of the churches adding the apse and the chapels with vaults. In the case of the church of Santa Catalina, the diaphragmatic system remains hidden behind the vaults that replace the wooden cover for reasons of durability. According to the graphical documentation provided by the architect Jose Ignacio Casar Pinazo made during his intervention in the temple in 2004, it shows the absence nowadays of these diaphragmatic arches, though it is true that in certain images their original existence can be felt (Fig. 4) . It is likely that with the interventions suffered over the years, this important part of its structural system has been lost.
The vaults transmit the gravitational loads to the nerves, for that reason the arches diaphragms do not get loaded. According to the research carried out by Professor Cassinello, the function of these diaphragms is to support the seismic loads [4, 5] . The motive of the differences between the Mediterranean Gothic and the European Center one is the earthquake. Other examples of religious buildings belonging to the Mediterranean Gothic are the Cathedral of Valencia [6, 7] , the one of Tortosa or the one of Seville.
In order to carry out the structural analysis of the church of Santa Catalina, there has been realized an exhaustive capture of information that allows to know the current state of the building. There have been studied the interventions of structural and constructive character that have been carried out on it. The most important ones were from Luis Gay between 1950 and 1963 and José Ignacio Casar between 2001 and 2004. Gay guaranteed the structural stability of the building in ruins after the civil war, intervening in the foundation, pilasters, walls and vaults. Casar intervened over the belfry and the facades.
The studies concluded that the building initially had diaphragms, stone vaults and flat roof. In an unknown intervention it lost the diaphragms, according to the images provided by Casar. Later it suffered a change of flat cover to sloping cover, according to old drawings of the city of Valencia. Finally, in the intervention of Gay, the vaults of stone were changed by brick vaults, being this one the current state of the building.
Structural analysis
Through the structural analysis, it is possible to demonstrate numerically the capacity of response of the diaphragms to receive horizontal efforts and their influence in the improvement of the seismic behavior of the church. It also analyzes and compares the efficiency of the rest of constructive elements by means of different calculation models [8, 9] .
The analysis of finite elements is realized by means of the software ANGLE, from the current geometry of the building and including its constructive configuration, the calculation models are generated in CAD tools. The seismic behavior of the church of Santa Catalina is evaluated with a non-linear analysis (pushover). The damage model is used to simulate the behavior of stone and brick, one of the most rigorous methods to reproduce the response of fragile materials [10, 11] . Mechanical properties of the materials. Two types of materials have been considered: stone for pillars, walls and vaults previous to Gay's intervention, and brick for the vaults after it (Table 1) . In order to establish the mechanical properties the tests carried out in the ashlars of the bridge of the Trinidad of Valencia have been considered, since it has the same origin of the stone as the church we studied. The stone used in both the bridge and the church comes from the quarry of Godella. In 2006, bridge samples were extracted and tested to determine their mechanical characteristics for the structural intervention realized on the bridge. Damage model. The structural analysis was realized using the nonlinear finite element program called ANGLE, using an isotropic damage model. It is based on the difference of behavior on compression and traction of the materials, on the degradation of its rigidity by the tensional level and on the effect on the response depending on the size of the mesh that has been used [12, 13] . The index d indicates the degree of deterioration of the material (0 ≤ d ≤ 1), being the value 0 the non-damaged state and 1 the total deterioration of the resistant area [14] . Seismic action. The seismic behavior of the structure of Santa Catalina's church is studied using the non-linear static analysis method (pushover) according to Eurocode 8 [15] . It is an efficient technique to study the capacity and the resistance-deformation of the structure under the effects of an earthquake. The seismic action is introduced in the direction of the structure to be analyzed, subjecting it to a pattern of horizontal loads that are increased up to reaching its maximum capacity. In its application the spectrum of accelerations for the city of Valencia proposed by the Spanish norm NCSE-02 is used [16, 17] .
The intersection between the demand curve and the capacity curve defines the performance point. This point indicates the movement that can be expected at the highest point of the structure for the seismic actions of calculation defined by the spectrum. From the position of the performance point with respect to the yield points and ultimate capacity, the thresholds of the damage states Sd are defined as it is shown in Fig. 5 . A structural model is elaborated by means of the finite element solid type of approximately 50 cm of average size following the criteria of the macro-modeling, it is the most used model in the analysis of complex structures. The wall structure and the pillars are formed by external facing blocks and mortar filling in their core, therefore the elements used model the masonry as a continuum with the homogenized mechanical properties. This allows a lower calculation requirement given the large size of the studied building, containing more than 21,000 elements. It has been considered a medium ground, according to the specifications of the Seismic Resistant Standard NCSE-02, which adjusts to the type of soil of the church.
From the constructive study elaborated, variations of the model are proposed according to the constructive elements considered. The first model reproduces the initial situation: with diaphragms, stone vaults and flat roof. The second model loses the diaphragms keeping the stone vault and the flat roof. On the third one is changed to sloped roof and in the fourth model, which reproduces the current situation, it is considered the absence of diaphragms, brick vaults and sloped roofs.
Results
In general, the dynamic properties of the model are located in areas where the spectrum is higher and therefore the effective accelerations are greater because the structure is rigid. For gravitational loads, the maximum stresses take place at the base of the central pillars reaching maximum values of 1 N/mm 2 , value very lower than the resistance to compression of the stonework of 9 N/mm 2 . The index of damage is concentrated in the intrados of the keys of the arches of the lateral chapels. Model 1: two centerlines, with diaphragms, stone vaults and flat roof. Observing in Fig. 6 the intersection between the capacity curve of the model and the demand curve provoked by the movement of the terrain as a result of an earthquake, we see that it takes place inside the elastic 642
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zone of the capacity curve, causing slight damage in the structure and being far from the collapse. This fact indicates the low vulnerability of this structural model in the face of an earthquake. Model 2: two centerlines, without diaphragms, stone vaults and flat roof. The intersection of both curves continues taking place in the elastic zone of the capacity curve, causing slight damage to the structure and placing far from collapse, as it is shown in Fig. 7 . This structural model, although it suffers major movements than the previous one, is still not vulnerable to earthquake. Fig. 8 , there have been extracted the following graphs, showing its performance point with the capacity and demand curves. The performance point is 1'05 cm and collapse occurs for an earthquake with return period of 950 years. The structure has lost stiffness by eliminating the tipping that provided the flat roof, a characteristic mentioned by Professor Cassinello in its classification. It is thus found analytically that the flat roof is more stable against earthquake than the sloped roof. damage thresholds that the structure will reach the collapse, thus demonstrating the stiffness provided by the stone vaults versus the brick vaults. The maximum Z stress reached at the base of the central pilasters is 0.91 N/mm 2 , lower than the maximum value found in model 3 which was 1'01 N/mm 2 , as expected since the brick weighs less than the stone, but still these values are very distant of 9 N/mm 2 considered as the compressive strength of the masonry. 
Conclusions
The results indicate that every change in the building has had a direct influence on its global rigidity, since every intervention has contributed to a loss of bracing in the face of horizontal stresses.
The structural models performed confirm the loss of rigidity with the absence of diaphragms. Their absence prevents the continuity of the wall system, losing the connection between the diaphragms and the buttresses. The damages obtained are more serious, although the overall collapse of the structure is not reached.
The study shows that the flat roof contributed greatly to the horizontal bracing of the church. With the flat roof, the building suffered minor damage while with the sloped roof the structure suffers collapse.
Thus, the interventions carried out on the church of Santa Catalina have gone against the structural and constructive reasons of the buildings built in areas of high historical seismicity, a style recognized as Mediterranean Gothic and very different from Gothic Central European.
